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Abstract 
A scaled-up version of a MEMS based six degrees-of-freedom precision manipulator 
has been designed and built. A model necessary for control purposes was validated 
with experiments. These experiments show a great resemblance between model and 
mechanism. A closed loop control system with feedforward has been designed and 
implemented which resulted in a tracking error according to the specifications. 
 
1 Precision manipulator design 
An elastic, six degrees-of-freedom (DOFs), precision manipulator with all six 
actuators in one plane, has been designed and manufactured (Figure 1). This design is 
based on a previous study for a MEMS-based six DOFs manipulator for moving 
samples in an electron microscope [1]. The latter has been built using MEMS 
technology and measures 6.2 x 6.2 x 0.5 mm3.  
Since a model of this MEMS based precision manipulator is not easy to validate, a 
scaled-up version, which measures 540 x 540 x 58 mm3, has been designed and built 
  
Figure 1: Three dimensional view of parallel kinematic 6-DOFs manipulator 
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in order to get insight into the resemblance between the model and prototype. Hereby 
the characteristics of the MEMS-based manipulator, with the restrictions resulting 
from MEMS fabrication methods, have been preserved. Amongst others, these 
characteristics are the parallel kinematic elastic mechanism with all the actuators in 
one (horizontal) plane, the use of leafsprings with a typical MEMS-based aspect ratio, 
and the asymmetric layout of the leafsprings at the end-effector, which originates 
from the crystallographic orientation of single crystal silicon. Parts of the design, 
which are over constraint, are wire spark eroded out of one piece to reduce the effects 
of internal stress [2] and to minimize hysteresis. 
In this scaled-up version, which is magnified roughly 100 times, the end-effector is 
able to make strokes of +/- 1.5 mm in all 3 translational directions and rotations of 5°.  
To accomplish these movements of the end-effector, the actuators should make a total 
stroke of 12 mm. The required accuracy is less than 1 µm respectively 58 µrad. The 
manipulator is driven by voice coil actuators. To measure the movements of the 
actuators, LVDT sensors are located directly at the actuator outputs. 
 
1.1  Analyses and modelling 
Analytical stress calculations combined with numerical analyses performed with 
CosmosWorks show the maximum Von Mises stress occurs at indicated leafspring B 
(Figure 2) and measures approximately 630 MPa. This is almost a factor 2.5 times 
smaller than the yield stress of the material (1460MPa, Stavax). The cantilever body 
is inserted to improve the stiffness in the y-direction perpendicular to the direction of 
actuation. At maximum displacements of the end-effector, the actuators have to exert 
a force of 14 N. 
The displacements of the elastic elements are relatively large, and because there is no 
sensor which measures the movements of the end-effector itself, an accurate 
modelling method is required, which describes the non-linear kinematic relations 
between the actuator and end-effector movements. This model has been built using a 
multibody systems approach which is implemented in the SPACAR toolbox for 
MATLAB. This toolbox is based on a non-linear finite element description of flexible 
multibody systems [3].  
This model shows the transfer matrix is diagonally dominant, which implies the 
feasibility of application of six SiSo feedback controllers. Nevertheless, because of 
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Figure 2: Top view of one single straight guidance (of six in total) 
Figure 3: Tracking error (bandwidth 323 rad/s, skewsine reference, step size 3 mm) 
 
the parallel kinematic design, a centralized control system should be used, since the 
positions of all actuators must be known to be able to move the end-effector to the 
desired location. 
 
1.2  Control 
For the controlled system a combination of feedback and feedforward has been used. 
The feedback loop is used for stability and disturbance rejection as the feedforward is 
used for performance. As given before a ratio of 4:1 is present between actuator 
movements and end-effector displacements. Therefore the desired actuator error 
should be less than 4 m. To quantify this error the tracking error has been used as 
measure. As reference signal a skewsine is used with a step size of 3 mm and a setup 
time of 1 second. This results into a cross-over frequency required of at least 323 
 
Figure 4: Bodeplots of actuator 1 to all sensors with model (left) and prototype (right) 
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rad/s for the controlled system. A simulation of this controller together with the 
modelled dynamics is performed with Simulink.  
 
1.3  Experimental validation 
Experimental validation of the dynamics of the mechanism shows a good 
resemblance between the model and the actual prototype, as can be seen in Figure 4. 
This gives confidence in a good implementation of the designed and simulated SiSo 
controllers and also in the use of this modelling technique for the MEMS-based 
precision manipulator.  
The distinctive peaks at 707, 861 and 1569 rad/s as well as the bump around 314 rad/s 
(=50Hz) are introduced by the electronics used. Furthermore the frequencies above 
1000 rad/s are difficult to distinguish, since the noise level of the sensors is higher 
than the displacement of the mechanism. However the first six eigenfrequencies are 
comparable to the ones found in the model. The 7th to 9th eigenfrequencies have a 
mismatch lower than 6%, which will possibly be caused by fabrication tolerances. 
With the good resemblance of the prototype and model, the simulated controller has 
been implemented into the prototype. Therefore a dSpace 1103 interface board has 
been applied. The result of this experiment is given in Figure 3. 
 
1.4  Conclusion 
Using a three dimensional modelling tool which represents the non-linear kinematics 
and dynamics adequately, together with wire spark eroded production technique 
provides a good model fit. 
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